Shiga toxin-producing *Escherichia coli* (STEC) causes diarrhea, hemorrhagic colitis and hemolytic uremic syndrome (HUS) in humans. STEC is prevalent in feces of ruminants, especially cattle, and therefore, ruminants are considered to be a reservoir and an important source of STEC infections in humans \[[@r4]\]. Although many STEC serotypes have been found in human patients, O157:H7 is the most prevalent and important serotype associated with outbreaks and sporadic cases in many countries \[[@r33]\]. However, non-O157 serotypes, mainly O26, O103, O111 and O145, also cause symptoms similar to those of O157:H7 in humans \[[@r29]\].

In Japan, the number of sika deer (*Cervus nippon*) has increased and their habitat has expanded during the last two decades. Therefore, herbivorous damage to agricultural products and forest vegetation by wild deer has become serious problems in many prefectures in Japan. To reduce the number of deer, some jurisdictions in Japan have supported deer hunting and deer meat is served in local restaurants and retail meat shops. Deer meat is also sold through the internet and consumed in individual homes.

Sporadic cases of STEC O157:H7 infection due to contaminated deer meat have been reported in Japan \[[@r28]\] and the United States \[[@r1], [@r35], [@r37]\], although the prevalence of this serotype was low (0.25--2.4%) in deer in the United States \[[@r9], [@r36]\]. In contrast, high prevalence of non-O157 STEC strains has been reported in deer carcasses, meat and feces \[[@r8], [@r25], [@r31], [@r38]\]. A recent study reported that genes encoding subtilase cytotoxin (*subA* and *subB*) are very common among STEC strains from deer and suggested that these strains may have more pathogenic potential for humans, although they do not carry genes encoding intimin (*eae*) or Shiga toxin (*stx*) subtypes that are associated with severe clinical outcomes \[[@r39]\]. However, the pathogenicity of deer STEC strains for humans remains to be elucidated.

To analyze the epidemiology of STEC infection, STEC strains have been typed by seropathotyping \[[@r22]\], pulsed-field gel electrophoresis (PFGE) \[[@r43]\], multiple locus variable-number tandem repeat analysis \[[@r19]\] and multilocus sequence typing \[[@r30]\]. These methods could be applied for analysis of the epidemiologic relationship of the strains. To evaluate the potential pathogenicity of the STEC strain, several mouse models have been developed to evaluate STEC pathogenicity \[[@r26]\]. Furthermore, several genetic markers which may be involved in the pathogenicity have been identified and used for the genetic assessment of STEC strains \[[@r24]\]. Cornelius *et al.* \[[@r7]\] originally developed a PCR binary typing (P-BIT) system and applied it to the molecular characterization of pathogenic *Campylobacter jejuni*. Brandt *et al.* \[[@r3]\] reported that the pathogenicity of both STEC O157 and STEC non-O157 strains could be evaluated by P-BIT analysis using 24 marker genes associated with virulence.

In the present study, we evaluated the potential pathogenicity of STEC strains derived from feces of sika deer in Japan based on serotyping, subtyping of *stx* genes, Shiga toxin (Stx) production, phylogenetic analysis of three DNA markers (*chuA*, *yjaA* and TspE4.C2) \[[@r6]\] and P-BIT analysis.

MATERIALS AND METHODS {#s1}
=====================

STEC strains
------------

Thirty-one STEC strains had been isolated from 30 sika deer in 4 prefectures (A to D) in Japan from March 2010 to May 2013 ([Table 1](#tbl_001){ref-type="table"}Table 1.Properties of the STEC strains isolated from feces of sika deer in Japan). The strains of STEC derived from feces of wild deer in Prefectures A (Tokai area), B (Kinki area) and C (Kitakanto/Koushin area) were obtained by using CHROMagar^TM^ STEC plates (CHROMagar, Paris, France). The strains derived from feces of captive deer in Prefecture D (Tokai area) were obtained by using CHROMagar^TM^ O157 plates (CHROMagar) or cefixime-tellurite-sorbitol-MacConkey agar plates (CT-SMAC) \[i.e., Sorbitol MacConkey Agar (Eiken) and CT-supplement (0.05 *µ*g/m*l* of cefixime and 2.5 *µ*g/m*l* of tellurite; Merck, Darmstadt, Germany)\]. The captive deer in Prefecture D were raised in the same facility (zoo). All the STEC strains from deer had been confirmed as oxidase production (−), indole production (+), acid production from glucose (+), fermentation of lactose/sucrose (+) and gas production from glucose (+) by biochemical analysis and were positive for *stx1* and/or *stx2* genes encoding Shiga toxin Stx1 and Stx2, respectively, by PCR \[[@r5]\]. The strains of *E. coli* with *stx1* and/or *stx2* genes were designated as STEC in this study.

Serotyping of STEC
------------------

Commercial antisera (Denka Seiken, Tokyo, Japan; and Statens Serum Institut, Copenhagen, Denmark) were used for O-serotyping. The O-serogroups of the STEC strains were determined by slide agglutination tests following the manufacturer's instructions.

O93 was the most dominant O-serogroup (38.7%, 12/31) of the strains used in this study, followed by 5 O146 strains, 3 O130 strains, 3 O176 strains and 2 O5 strains ([Table 1](#tbl_001){ref-type="table"}). There was each one strain of O7, O96, O116 and O141. In addition, a wild deer in Prefecture A was shown to be infected with an O157 strain. A strain could not be identified its O-serogroup (Untypable) in this study.

Production of Stx
-----------------

Production of Stx1 and Stx2 in the culture supernatant by the STEC strains was examined by reverse passive latex agglutination tests using a VTEC-RPLA "Seiken" Kit (Denka Seiken) according to the manufacturer's instructions.

Phylogenetic grouping
---------------------

The phylogenetic groups of the STEC strains in this study were determined based on the presence (+) or absence (−) of three genetic markers (*chuA*, *yjaA* and TspE4.C2) by using multiplex PCR as described in the previous report \[[@r6]\].

PCR binary typing
-----------------

To assess the potential pathogenicity of non-O157 STEC strains, the P-BIT typing system was used in this study as described by Brandt *et al*. \[[@r3]\]. The strains were tested for the presence or absence of 24 selected genes (*ECs3737*, *pic*, *espC*, *iha*, *eae*, *nleB*, *nleC*, *nleG2-3*, *nleG*, *agn43*~EDL933~, *paa*, *ureC*, *ehxA*, *etpD*, *katP*, *espP*, *stx*~2~, *stx*~2c~, *lpfA*~O26~, *fyuA*, *cif*, *stx*~1~, *stx*~2d~ and *iutA*) by PCR. The results of these PCR experiments were analyzed using BioNumerics version 5.10 software (Applied Maths, Sint-Martens-Latam, Belgium). Inter-strain relationships were assessed by numerical analysis of the P-BIT data using a simple matching coefficient and Ward's clustering. P-BIT data for non-O157 STEC (n=29) strains isolated in New Zealand from human and non-human sources were also included in this analysis \[[@r3]\].

Bayesian cluster analysis
-------------------------

Bayesian cluster analysis was carried out to confirm the clustering of the tested strains by Ward's method. The analysis was done using STRUCTURE Ver. 2.3.4 software \[[@r34]\]. The setting options were as follows: length of burn-in period was 100,000, number of MCMC was 100,000, ancestry model was admixture model, and frequency model was allele frequency correlated. The number of iterations was 10 and the K values were 1 to 5. The number of clusters (K) was determined by the highest value of the log-likelihood and the delta K value, calculated by analyzing the results using STRUCTURE Harvester Ver. 0.6.93 software \[[@r10]\]. The assignment of tested strains to clusters was carried out using posterior probability values of tested strains to the clusters. When the posterior probability value (Q value) of a tested strain to a cluster was more than 0.9, the strain was assigned to the cluster \[[@r24]\].

RESULTS {#s2}
=======

Properties of STEC strains
--------------------------

Both *stx1* and *stx2* genes were detected in 13 (41.9%) of the 31 strains in this study, only *stx1* was detected in 5 (16.1%) strains and only *stx2* was detected in 13 (41.9%) strains ([Table 1](#tbl_001){ref-type="table"}). All 18 STEC strains carrying *stx1* gene produced Stx1, and 23 of the 26 strains carrying *stx2* gene produced Stx2.

The 31 STEC strains formed three phylogenetic groups (PGs) based on analysis of three DNA markers (i.e., *chuA*, *yjaA* and TspE4.C2). The three PGs were designated A (n=15), B1 (n=9) and D (n=7) ([Table 1](#tbl_001){ref-type="table"}).

P-BIT analysis of the STEC strains
----------------------------------

The non-O157 STEC deer strains (n=30) and 29 reference strains were typed by P-BIT analysis. The non-O157 STEC deer strains were classified into 12 types designated P-BIT 1 to P-BIT 12 ([Table 1](#tbl_001){ref-type="table"}). A dendrogram of the P-BIT data using a simple matching coefficient and Ward's clustering is shown in [Fig. 1.](#fig_001){ref-type="fig"}Fig. 1.Dendrogram of P-BIT analysis using a simple matching coefficient and Ward's clustering. Deer STEC strains (n=30) and reference STEC strains (n=29) were compared based on the presence or absence of 24 target genes. The presence or absence of these genes is indicated by black and white blocks, respectively. Only the representative strain was included in this dendrogram, if several strains showed the same characteristics, including O-type and P-BIT pattern. Filled black circles in the column of "Representative strain" represent the reference STEC strains derived from deer in Japan. All of the strains examined were grouped into two clusters.

Bayesian cluster analysis also showed that the highest log-likelihood and delta K values were obtained when K was assumed to be 2 ([Table 2](#tbl_002){ref-type="table"}Table 2.Mean log-likelihood and delta K values for 1−5 clustersKMean LnP (K)STDEV LnP (K)Delta K1−539.570.1947n/a2−429.720.8728126.867723−430.68.50973.9014154−464.6821.18511.19995−524.1825.4607n/a). Delta K was originally used to determine the K value when the standard deviation of the log-likelihood value was high \[[@r15]\], although the value in this study was quite low ([Table 2](#tbl_002){ref-type="table"}). All 12 P-BIT patterns (P-BIT 1 to P-BIT 12) of the deer strains had Q values higher than 0.9 ([Table 3](#tbl_003){ref-type="table"}Table 3.Posterior probability values (Q values) of the STEC representative strains for the P-BIT patterns and their inferred clusters ^a)^Strain No.Q valuesInferred cluster ^a)^P-BIT No.Cluster 1Cluster 2ERL03-09540.0170.9832r1ERL02-28530.0070.9932r2ERL04-03880.9850.0151r3ERL04-22040.9910.0091r4ERL04-27590.0130.9872r5ERL04-29410.9160.0841r6ERL05-03440.9940.0061r7ERL05-03460.9860.0141r8ERL05-04110.9710.0291r9ERL05-06220.970.031r10ERL05-13070.9810.0191r11ERL05-13080.9930.0071r12ERL05-18450.9930.0071r13ERL05-18480.0320.9682r14ERL05-18500.9670.0331r15ERL05-19040.9920.0081r16ERL06-20140.9880.0121r17ERL97-05950.990.011r18ERL97-39230.9670.0331r19ERL98-38650.9940.0061r20ERL99-16710.3130.6872/1r21NZRM36160.9160.0841r22NZRM41530.9730.0272r23NZRM41550.0060.9942r24NZRM41570.980.021r25NZRM41600.0050.9952r26NZRM41620.9890.0111r27NZRM41630.0280.9722r28NZRM41660.940.061r29CD1_10.9910.00911CD4_10.9920.00812WD56_10.9930.00713WD58_40.9950.00514WD76_10.9940.00615WD94_20.9950.00516WD104_40.9860.01417WD118_10.9370.06318WD139_20.0730.92729WD146_10.9850.015110WD150_10.9940.006111WD174_10.9890.011112a) Clusters inferred by Bayesian cluster analysis.). Based on these results, the tested strains were assigned to two clusters, designated clusters 1 and 2 ([Table 3](#tbl_003){ref-type="table"}).

Two non-O157 strains (the representative strain is WD139-2), which were derived from 2 feces of wild deer in Prefecture A, were typed as P-BIT 9. These strains formed a cluster (cluster 2) with 6 strains from human patients and 2 strains from the animals including lamb and ovine in New Zealand ([Table 1](#tbl_001){ref-type="table"} and [Fig. 1](#fig_001){ref-type="fig"}). The other non-O157 strains (n=28) derived from deer were grouped in cluster 1 with 11 strains from the animals including lamb and ovine and 10 strains from patients in New Zealand. All of the deer STEC strains, and the human and other animal strains including lamb and ovine in cluster 1 did not carry the *eae* gene, but the 2 deer strains in P-BIT 9 tested positive for the *eae* gene.

Fifteen strains from captive deer in Prefecture D were typed and designated P-BIT 1 or 2, with 3 strains in P-BIT 1 and 12 strains in P-BIT 2 ([Table 1](#tbl_001){ref-type="table"}).

DISCUSSION {#s3}
==========

STEC in O-serogroups, O5, O7, O93, O96, O116, O130, O141, O146, O157 and O176, derived from feces of sika deer in Japan were used in this study. Although, O146 is not the major serogroup of human STEC strains in Japan, it is a frequent STEC serotype identified in confirmed cases of STEC infection in the European Union in 2010 and 2011 \[[@r14]\] and has been diagnosed as a cause of HUS \[[@r41]\]. Furthermore, the strains of the serogroup have been isolated from both deer and human patients in Europe \[[@r25], [@r38]\]. O-serogroups of O5, O93 and O96, which was identified in the deer strains used in this study had also been found in the STEC isolates from healthy adults in Japan \[[@r27]\]. STEC strains of O93 and O96 were also reported to be found in deer in Japan in 1997 \[[@r2]\]. Further studies are needed to understand the ecology of the STEC with O-serogroups of O5, O93, O96 and O146 in Japan including the possibility of the transmission of the STEC between human and deer in Japan. In contrast, O130 and O141 were common O-serogroups in the deer strains used in this study and in deer strains isolated in Germany \[[@r11]\] and Spain \[[@r8]\], respectively. Therefore, the strains of these serogroups may unevenly distribute in deer.

STEC strains have been classified in four phylogenetic groups: A, B1, B2 and D \[[@r6], [@r18]\]. Non-pathogenic STEC and other *E. coli* strains tend to be grouped in phylogenetic group A, but most extra-intestinal *E. coli* strains are in groups B2 and D \[[@r13]\]. In the present study, STEC strains from Japanese sika deer were found to be in phylogenetic groups A, B1 and D. Most (9/16) strains isolated from wild deer in Japan were in phylogenetic group B1, as were the STEC strains in deer isolated in the United States \[[@r20]\]. Majority of the STEC strains has been known to belong to phylogenetic group B1 \[[@r13]\]. These results suggest that the genes involving in the development of STEC virulence were conserved in *E. coli* strains with specific evolutionary origins \[[@r13]\].

The present study is the first report using P-BIT analysis to assess the potential pathogenicity of STEC strains from deer. Brandt *et al*. \[[@r3]\] reported that PCR binary typing was a useful tool to evaluate the possible human health risk due to non-O157 STEC strains. However, the P-BIT cluster results could be affected by the number of strains analyzed. Therefore, Bayesian cluster analysis was also carried out to confirm the clustering of STEC strains by Ward's method \[[@r23]\]. Both Ward's and Bayesian cluster analysis showed that two deer strains belonging to P-BIT 9 formed a cluster (cluster 2) with 6 strains from human patients, including a sporadic HUS case \[[@r12]\]. These data suggested that the STEC strains from deer in cluster 2 may be potential human pathogens.

The other non-O157 strains derived from deer in this study belonging to P-BIT1--8 and 10--13 were grouped in cluster 1. Tsukamoto *et al.* \[[@r44]\] reported that deer may be a negligible source of human STEC infections, because the majority of serotypes and *stx2* genotypes in non-O157 STEC strains from deer were different from those in human patients. The result that deer strains in cluster 1 do not carry the *eae* gene, encoding the intimin adherence protein, may support the suggestion that deer strains may not be a source of human STEC infections. However, recent studies have reported that STEC not carrying the *eae* gene have been isolated from human patients \[[@r21]\]. Deer STEC strains in 10 of the 12 P-BIT types carry the *ihA* gene, encoding the IrgA homologue adhesin \[[@r42]\]. In addition, the *ehxA* enterohemolysin and *ureC* urease genes, which have been shown to be associated with HUS caused by non-O157 STEC that do not carry the *eae* gene, were found in deer strains typed in P-BIT 9 and P-BIT 2, respectively \[[@r17]\]. Therefore, the non-O157 STEC strains in P-BIT cluster 2 need to be reassessed as potential human pathogens.

The number of sika deer has recently increased in Japan. Many deer are now found in the pastures of cattle ranches and therefore have close contact with animals known to be a major reservoir of STEC. In fact, STEC have been reported to be transmitted between various animals, including deer and domestic animals \[[@r8], [@r16], [@r25], [@r40]\]. Therefore, deer may carry pathogenic STEC acquired from cattle in ranch pastures. Furthermore, this study showed that STEC strains found in wild deer in Japan carried a variety of pathogenic genes. Since lateral gene transfer has been involved in bacterial evolution, STEC in wild deer play a role as a source of pathogenic genes for STEC and other enteric bacteria in wild deer and domestic animals \[[@r32]\].

Our study indicated that the STEC strains derived from deer in Japan included the strains which are potentially pathogenic to humans by a molecular analysis, P-BIT using multiple pathogenic genes. The opportunity to eat deer meat is increasing and sporadic cases of STEC infections caused by consumption of contaminated deer meat have been reported in several countries \[[@r1], [@r37]\]. Therefore, it is necessary to control STEC contamination in the processing of deer meat.
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